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Depletion of mitochondrial 
protease OMA1 alters proliferative 
properties and promotes metastatic 
growth of breast cancer cells
Amita Daverey1, Roman M. Levytskyy2, Kimberly M. Stanke1, Martonio ponte Viana2, 
Samantha Swenson2, Stephen L. Hayward1, Madhusudhanan narasimhan3, 
oleh Khalimonchuk  2,4,5,6 & Srivatsan Kidambi  1,5,6,7,8,9
Metastatic competence of cancer cells is influenced by many factors including metabolic alterations 
and changes in mitochondrial biogenesis and protein homeostasis. While it is generally accepted that 
mitochondria play important roles in tumorigenesis, the respective molecular events that regulate 
aberrant cancer cell proliferation remain to be clarified. Therefore, understanding the mechanisms 
underlying the role of mitochondria in cancer progression has potential implications in the development 
of new therapeutic strategies. We show that low expression of mitochondrial quality control protease 
OMA1 correlates with poor overall survival in breast cancer patients. Silencing OMA1 in vitro in patient-
derived metastatic breast cancer cells isolated from the metastatic pleural effusion and atypical ductal 
hyperplasia mammary tumor specimens (21MT-1 and 21PT) enhances the formation of filopodia, 
increases cell proliferation (Ki67 expression), and induces epithelial-mesenchymal transition (EMT). 
Mechanistically, loss of OMA1 results in alterations in the mitochondrial protein homeostasis, as 
reflected by enhanced expression of canonic mitochondrial unfolded protein response genes. These 
changes significantly increase migratory properties in metastatic breast cancer cells, indicating that 
OMA1 plays a critical role in suppressing metastatic competence of breast tumors. Interestingly, these 
results were not observed in OMA1-depleted non-tumorigenic MCF10A mammary epithelial cells. This 
newly identified reduced activity/levels of OMA1 provides insights into the mechanisms leading to breast 
cancer development, promoting malignant progression of cancer cells and unfavorable clinical outcomes, 
which may represent possible prognostic markers and therapeutic targets for breast cancer treatment.
Breast cancer is a complex disease affecting over 180,000 women annually involving a continuously changing 
phenotype and microenvironment leading to differences in the gene and protein profile of the neoplasm1–5. 
Metastasis to vital organs including lungs, liver, bone, and brain is a major cause for breast cancer-related deaths6. 
Two main processes, migration and invasion, mediate the metastatic activity of tumor cells. Mounting evidence 
indicates that altered mitochondrial functions play a significant role(s) in the regulation of tumor cell biology and 
are likely involved in tumor progression including metastasis7–12. Growing evidence indicates that mitochondrial 
integrity is central to cancer cell physiology, particularly with regard to energy production and cell survival in the 
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highly dynamic tumor environment. Perturbations to mitochondrial integrity by mutations or functional decline 
lead to mitochondrial dysfunction, potentially impacting physiological properties of neoplastic cells. Many 
cancer cells undergo the metabolic adaptation known as aerobic glycolysis, or Warburg effect; which involves 
enhanced utilization of glucose or pyruvate for anabolic processes underpinning rapid proliferation12–14. These 
cells also rely on glutamate anaplerosis to replenish the tricarboxylic acid (TCA) cycle with pyruvate. Alterations 
in mitochondrial function and the subsequent metabolic reprogramming are now being recognized as important 
hallmarks of malignancy and metastasis12. To date, several studies reported a loss of key mitochondrial proteins 
in various cancers, including breast cancer15–17. However, the mechanisms by which mitochondrial malfunction 
contributes to cancer progression remain far from clear.
Mitochondria are highly dynamic organelles whose form and shape are regulated through two critical pro-
cesses: fission and fusion. The dynamic nature of mitochondrial networks allows the adjustment of mitochondrial 
morphology and metabolism to specific cellular processes and is also essential for mitochondrial protein qual-
ity control (MQC)18–20. MQC comprises a unique and conserved set of interrelated mechanisms critical for the 
organelle’s health21. Recent reports implicate several MQC modules in development and progression of various 
cancers22. For instance, elevated activities of ATP-driven proteases Lon proteases (LONP) and mitochondrial 
unfoldase-peptidase complex ClpXP have been shown to correlate with tumor development and progression23,24. 
Consequently, inhibition of these proteases has been proposed as a potential therapeutic strategy in patients with 
lymphoma and acute myeloid leukemia, respectively22,25. Activities of several other MQC proteases have been sug-
gested to prevent malignant progression26,27; however, the molecular details of this process remain to be clarified.
Overlapping With The m-AAA Protease 1 (OMA1) is a conserved metallopeptidase that has recently emerged 
as a critical regulator of metabolic homeostasis19,28–30, mitophagy31, and apoptosis32. At least in part, such func-
tional versatility is attributed to the enzyme’s ability to process the GTPase, Optic Atrophy Protein 1 (OPA1), and 
thus rapidly modulate the mitochondrial network31. Recently, we discovered that OMA1-deficient mouse embry-
onic fibroblasts exhibit increased aerobic glycolysis upon culturing conditions that require maximal bioenergetic 
output33. Intriguingly, results of the Human Protein Atlas Consortium initiative15–17 report low OMA1 protein 
levels in breast and testicular cancer tissues, as well as in lymphomas. However, whether OMA1 plays a role in the 
development and progression of breast adenocarcinoma is unknown.
In the present study, we report that depletion of OMA1 in stable, patient-derived breast cancer cells isolated 
from the metastatic pleural effusion (21MT-1) and atypical ductal hyperplasia (21PT) increased expression of the 
canonical mitochondrial unfolded protein response (UPRmt) markers, cell spreading, and filopodia formation. 
Moreover, sustained silencing of OMA1 resulted in a large proportion of cells exhibiting mesenchyme-like mor-
phology, reduced proliferation, and enhanced migratory properties indicative of the epithelial-mesenchyme transi-
tion (EMT). Consistent with enhanced metastatic abilities of the OMA1-depleted breast cancer cells, we observed 
a significant upregulation of mesenchymal markers and decreased expression of epithelial markers at both the 
gene and protein levels. Together with bioinformatics data indicating that breast cancer patients with low, EMT 
markers-correlating OMA1 expression have a shorter survival time, our findings led us to conclude that impaired 
MQC function through OMA1 deficit can regulate malignancy and metastatic progression in breast cancer.
Results
OMA1 expression levels correlate with patient survival in breast cancer. To determine if OMA1 
expression was related to patient prognosis, we performed survival risk prediction using survival database to 
evaluate the correlation between OMA1 expression levels and overall survival rates in breast cancer patients 
(Fig. 1). OMA1 mRNA expression is represented as batch normalized/merged from Illumina HiSeq_RNASeqV2 
syn4976369 generated by “The Cancer Genome Atlas (TCGA)”. Out of 1084 breast cancer patient samples, the 
expression data were available for 1082 samples. Normal distribution across the dataset is visualized with box and 
whisker plots, shown as 25th (316.3) and 75th (521.5) percentiles with a median of 404.8 (Fig. 1A). Based on this 
data and reports from Geng et al.31 and Bertucci et al.32, we dichotomized the samples into low OMA1 and high 
OMA1 expressing group with values up to 25th percentile (≤316.3) comprising the former and those equaling and 
above the 25th percentile (316.3) into the latter.
To better understand the involvement of OMA1 in breast cancer, we next determined the survival of subjects 
in the low and high OMA1 expressing subsets. Out of 1084 samples, 1078 had all the necessary details such 
as OMA1 gene expression, overall survival months, and vital status to perform Kaplan-Meier survival analysis 
(Fig. 1B). In these cohort of 1078 samples that had all the available survival data and applying the above dichot-
omy rule, 270 samples stratified into low and 808 samples segregated into high OMA1 expressing subset. Survival 
plot was generated using the OMA1-segregated samples. It was found that the OMA1-low expressing patients 
had poor survival when compared to OMA1-high expressing patients. The number of events (deaths) was ~17% 
(46/270) in the low-OMA1 expressing group, while the number of events in the high-OMA1 expressing group is 
only ~13% (105/808), indicating that low OMA1 expression increased the probability of mortality by 31% when 
compared to the high-OMA1 expressing subset. In parallel, the median survival was 114.06 and 130.06 months in 
OMA1-low and –high expressing patients, respectively. In other words, the OMA1-low expressing patients dis-
played a ~14% decrease in the median survival when compared to OMA1-high expressing subjects. These results 
suggest that a low OMA1 expression could be associated with poor overall survival in breast cancer.
Typically, epithelial to mesenchymal transition (EMT) program is a process where cells lose epithelial traits 
(decreased marker expression) and acquire mesenchymal characteristics (increased marker expression) that is 
tightly associated with malignancy, invasion, metastasis, and poor outcome34–36. While this generally applies to 
many transformed cells, we posited that attenuation of OMA1 might facilitate EMT program. To that end, we 
used GEPIA (Gene Expression Profiling Interactive Analysis), a web-based tool (uses TCGA and GTEx dataset) 
to determine the relationship between aberrant OMA1 mRNA levels with the expression of some of the common 
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EMT marker genes in human breast cancer (Fig. 1C,D). Pearson correlation analysis of the mRNA expression 
datasets for OMA1 and epithelial marker genes such as MUC1, CDH1, and EPCAM using the input, TCGA_
Tumor (BRCA Tumor) and TCGA_Normal (BRCA_Normal) revealed a statistically significant positive corre-
lation with the OMA1 mRNA expression (P = 1.3e−12, R = 0.2 for MUC1; P = 1.1e−06, R = 0.14 for E-cadherin 
(CDH1); P = 0.00087, R = 0.096 for EPCAM) in the TCGA_BRCA dataset when compared to the TCGA_Normal 
dataset (Fig. 1C). This implies that OMA1 presence could promote epithelial signals and trait. In other words, 
Figure 1. OMA1 expression levels correlate with patient survival in breast cancer. (A) OMA1 mRNA 
expression is represented as batch normalized/merged from Illumina HiSeq_RNASeqV2 syn4976369 generated 
by The Cancer Genome Atlas (TCGA). Out of 1084, the expression data was available for 1082 samples. Normal 
distribution across the dataset is visualized with box and whisker plots, shown as 25th (316.3) and 75th (521.5) 
percentiles with a median of 404.8. From this a 316.3 expression cut-off was assigned to evaluate the Survival. 
(B) Out of 1084 samples, only 1078 patients had all the information required for Survival analysis. Among 
these 1078 patients that had all the information, based on the OMA1 expression (at or below 25th percentile 
assigned as low and above 25th percentile assigned as high) was used to compute the survival analysis. It 
was found that the patients with low OMA1 expression had poor survival when compared to patients with 
high OMA1-expression. The number of events (deaths) were ~17% (46/270) in the group with low OMA1 
expression, while the number of events in the group with high OMA1 expression is only ~13% (105/808), which 
comprises a ~31% increase in the mortality in the group expressing low levels of OMA1 in comparison to the 
group expressing high levels of OMA1. (C) Pearson’s correlation analysis of the mRNA expression datasets for 
OMA1 and epithelial marker genes-MUC1, CDH1, EPCAM using the input, TCGA_Tumor (BRCA Tumor) 
and TCGA_Normal (BRCA_Normal). (D) Pearson’s correlation analysis of the mRNA expression datasets for 
OMA1 and mesenchymal marker genes-TWIST1, ZEB1, Fibronectin (FN1) using the input, TCGA_Tumor 
(BRCA Tumor) and TCGA_Normal (BRCA_Normal).
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depletion of OMA1 can be correlated to a loss of epithelial morphology. Similar correlation analysis was con-
ducted for mRNA expression datasets for OMA1 and mesenchymal marker genes such as TWIST1, ZEB1, and 
Fibronectin (FN1) using the input, TCGA_Tumor (BRCA Tumor) and TCGA_Normal (BRCA_Normal) with 
Pearson’s statistical test (Fig. 1D). In contrast, to the changes observed in epithelial markers, all the analyzed 
mesenchymal markers are negatively correlated with OMA1 mRNA expression as can be seen from the nega-
tive R values (−0.14, −0.05, −0.074 for TWIST1, ZEB1, and Fibronectin (FN1), respectively) from the TCGA_
BRCA vs TCGA_Normal dataset comparison. Moreover, OMA1 expression displayed significant difference with 
the TWIST1 (P = 9.0e−07) and FN1 expression (P = 0.11) with ZEB1 tending towards significance (P = 0.081). 
This denotes that the presence of OMA1 could repress mesenchymal signals and phenotype. In other words, 
the decreased OMA1 expression can be correlated to a gain in mesenchymal characteristics. These clinical data 
demonstrates that attenuated OMA1 levels in human breast cancer patients are correlated to the molecular gene 
signatures buttressing EMT, a well-established hallmark of invasion/metastasis. Importantly, to the best of our 
knowledge, this is the first study that has evaluated the clinical value of OMA1 in breast cancer, particularly in the 
context of EMT process.
OMA1-deficient cells exhibit signs of metabolic reprogramming. Our recent study revealed that 
upon culturing in low glucose medium, OMA1-deficient mouse embryonic fibroblasts (MEFs) are compromised 
in their ability to maximize their bioenergetic output and appear to rely on compensatory aerobic glycolysis, as 
indicated by an increased extracellular acidification rate ([28] and Fig. 2A). This observation likely reflects partial 
metabolic reprogramming and suggests that oma1−/− MEFs are probably more reliant on anaplerotic metabolism. 
As such, these cells are expected to replenish their citrate levels through enhanced utilization of glutamine that is 
metabolized via reductive carboxylation – enzymatic conversion of glutamine to glutamate, which is then modi-
fied to α-ketoglutarate, followed by its conversion to oxaloacetate and then citrate [29, 30]. Thus, OMA1-deficient 
cells are expected to be more sensitive to inhibition of glutaminase (GLS) – a key enzyme mediating the first step 
in the above chain of reactions. To test this postulate, we compared the proliferation of wild type and oma1−/− 
cells cultured in either low glucose or galactose-containing medium in the presence or absence of 10 μM bis-2-(5- 
phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) – a specific small molecule inhibitor of GLS. While 
the proliferation of the cells in question was nearly identical under normal conditions, oma1−/− MEFs proliferated 
at much slower rates than wild type cells in the presence of BPTES (Fig. 2B). These observations prompted us 
to examine the ability of the WT and oma1−/− MEFs to re-enter the proliferative cycle after aging-induced qui-
escence, a process known to require normal mitochondrial function [31]. Contact-inhibited quiescent WT and 
oma1−/− MEFs were cultured for 7 days with fresh medium added every 2 days. Following such incubation, the 
proliferative properties of these post-quiescent cells were tested. While growth characteristics and morphology 
of the young WT and oma1−/− cells were virtually indistinguishable (Fig. 2C), the post-quiescent oma1−/− MEFs 
formed filapodia -like structures (Fig. 2C,D) and proliferated significantly faster than control MEFs (Fig. 2E). 
Likewise, the post-quiescent growth of oma1−/− MEFs was characterized by enhanced cell spreading when 
compared to the wild type control. Moreover, consistent with the observed filapodia structures, post-quiescent 
oma1−/− MEFs displayed abnormal actin distribution patterns (Fig. 2F) resembling rearrangements reported in 
neoplasms [32]. These results further highlight metabolic and morphological alterations associated with prolifer-
ative activity in OMA1-deficient mammalian cells.
Loss of OMA1 causes filopodia formation and mitochondrial fragmentation in human breast 
adenocarcinoma cell lines. Alteration of focal adhesions is a hallmark of tumorigenesis [32]. The results 
of our analyses in MEFs suggest that loss of OMA1 may be related to neoplastic development and/or progres-
sion. Moreover, OMA1 protein levels were reported to be extremely low in breast and testicular cancer tissues, 
as well as lymphomas15–17. We thus hypothesized that OMA1 function may be attenuated in these cancers and 
such a setting could be an important contributor to malignancy. To test this hypothesis, we generated stable 
knockdowns of OMA1 in non-tumorigenic breast epithelial cells (MCF10A) and patient-derived breast cancer 
cells isolated from metastatic pleural effusion mammary tumor specimen (21MT-1) cells using OMA1-specifc 
shRNAs. Immunoblotting with an anti-OMA1 antibody confirmed efficient depletion of the protease in cells 
expressing OMA1 shRNA but not the scrambled control (Fig. 3A and Supplementary Fig. S1). Transfection 
of 21MT-1 cells with OMA1-targeting shRNAs caused over 80% reduction in endogenous OMA1 protein as 
compared to control cells transfected with scrambled shRNAs. Microscopic images of OMA1-depleted 21MT-1 
(hereafter referred to as OM.21) cells revealed enhanced filopodia formation as early as 24 hours of culture 
that was even more pronounced after 48 hours (Fig. 3B,C and Supplementary Fig. S2). Remarkably, this was 
not the case for OMA1-depleted MCF10A cells (designated OM.10 A; Fig. 3B). Also, OM.21 cells demonstrated 
higher proliferation rates compared to control 21MT-1 cells while no significant change in proliferation rate was 
observed in OM.10A and control MCF10A cells (Fig. 3D,E). Strikingly, these findings parallel our observations in 
oma1−/− MEFs. To further extend these findings in other cancer cells, we generated stable knockdowns of OMA1 
in patient-derived breast cancer cells isolated from atypical ductal hyperplasia (21PT) using OMA1-specific shR-
NAs. Immunoblotting with an anti-OMA1 antibody confirmed a robust depletion of the endogenous levels of this 
protease by about 80% in cells expressing OMA1 shRNA when compared to control (Supplementary Fig. S3A). 
Like 21MT-1, an enhanced filopodia formation was observed as early as 24 hours of culturing the OMA1-depleted 
21PT (hereafter OP.21) cells, while this effect was more pronounced after 48 hours of culturing (Supplementary 
Fig. S3B–D). These observations replicate our findings in the 21MT-1 cells.
To probe and visualize the effect of OMA1 knockdown on mitochondrial morphology and integrity, we 
imaged the mitochondria of OMA1-silenced 21MT-1 cells using the fluorescent stain Mitotracker FM (Fig. 4A). 
A typical fiber-like morphology was observed in control 21MT-1 cells indicating healthy mitochondria. In con-
trast, a slightly more dense or bulky mitochondrial network with perinuclear clustering was observed in OM.21 
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cells (Fig. 4A). In addition to differences in the spatial distribution and clustering of the mitochondrial reticulum 
seen in the OM.21 cells, the mitochondria within the clusters appeared to be slightly thicker and shorter segments 
in comparison to control. Such changes in mitochondrial network morphology likely reflect alterations in the 
Figure 2. Loss of OMA1 alters metabolic and proliferative properties of mouse embryonic fibroblasts.  
(A) Extracellular acidification rates (ECAR) in wild type and oma1−/− mouse embryonic fibroblasts under basal, 
FCCP-stimulated, and glycolysis-ablating (2-DG) conditions. Cells were cultured in the media containing 10 mM 
glucose. Data are shown as mean values of 3 independent experiments ± S.E.M.; **p < 0.01, by unpaired t-test. 
(B) Growth rate of wild type (WT) and oma1−/− MEF cells under conditions of glutamate pathway inhibition 
by BPTES. Cells were cultured in the 10 mM galactose-containing medium with (left panel) or without (right 
panel) 10 μM BPTES for the indicated periods of time and the number of viable cells at each time point has 
been assessed. Data represent the mean ± S.D. (n = 3 biological replicates); **p < 0.01, by unpaired t-test. (C) 
Live phase contrast images of MEF WT and oma1−/− cells at 2 days after seeding in normal culture conditions 
and after overgrowth for 7 days at 100% confluence. Unlike the WT cells, post-quiescent oma1−/− MEFs exhibit 
characteristic filopodia-like protrusions (white arrows) after overgrowth. (D) The prevalence of cells with 
protrusions was analyzed in WT and oma1−/− MEF cells two days after re-seeding on 6-well plates after one 
week of growth at 100% confluence. Each well was randomly imaged in 2–3 fields of view, each containing 15–50 
cells. In the randomly chosen imaging fields, the number of cells with long filopodia and cells with normal 
filopodia were counted. The data was plotted as a scatter plot where each point represents percentage of cells 
with long filopodia of total cells in one field of view. (E) Proliferation of MEF WT and oma1−/− cells seeded 
after overgrowth of 7 days at 100% confluence. Data represent the mean ± S.D. of n = 3 biological replicates; 
**p < 0.01. (F) Paraformaldehyde-fixed WT and oma1−/− MEF cells on 2nd day after seeding post-overgrowth 
of 7 days at 100% confluence. Samples were stained for Actin with Alexa Fluor 488-conjugated phalloidin and 
imaged by confocal microscopy. The arrows mark rearranged actin patches. Scale bar, 20 μm.
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mitochondrial dynamics and/or cristae remodeling associated with inactivation of OMA1-mediated processing 
of the IM GTPase, OPA1. Of note, and in line with our observation in oma1−/− MEFs, the steady-state levels of the 
key components of mitochondrial fusion (mitofusins MFN1 and MFN2, and long and short isoforms of OPA1) 
and fission (DRP1) machinery remained largely unaltered in OM.21 (data not shown). We further investigated 
the impact of OMA1 knockdown on 21MT-1 cell morphology by immunostaining of the actin cytoskeletal struc-
tures (Fig. 4B). Remodeling of actin cytoskeleton influences cell migration and invasion37. Genetic depletion of 
OMA1 led to a substantial change in the 21MT-1 cell appearance, resulting in larger cell bodies and a stretched 
morphology. Additionally, the OM.21 cells exhibited considerably more stress actin fibers traversing the cyto-
plasm than in the control 21MT-1 cells. Interestingly, these effects were not observed in OM.10 A cells. Akin 
to oma1−/− MEFs [28], the bioenergetics profiling of OM.21 cells revealed these cells were unable to maximize 
their respiration in response to mild uncoupling (Supplementary Fig. S4) and had significantly lower respiratory 
control ratios when cultured in the respiration-enforcing medium containing 10 mM galactose. Moreover, just 
like oma1−/− MEFs, OM.21 cells exhibited a marked increase in sensitivity to the glutaminase inhibitor BPTES; 
all indicative of a bioenergetic deficit. These data suggest that loss of OMA1 promotes filopodia formation and 
significant remodeling of the cell morphology and mitochondrial physiology in breast cancer cells.
Suppression of OMA1 increases proliferation and migration of metastatic breast adenocarci-
noma cells. The proliferation and filopodia-like structures play a key role in cancer cell invasion38,39. Increased 
appearance of these structures in OM.21 cells may indicate enhanced invasiveness of these cells and deregulation 
of the cell cycle. We examined this hypothesis by immunostaining 21MT1, MCF10A, OM.21, and OM.10A cells 
with Ki67 antibodies (Fig. 5A). Ki67, a nuclear protein, is a commonly used clinical marker to determine the 
proliferative state of tumor cells3,4,40,41. Remarkably, the Ki67 expression was higher in the OM.21 cells, indicating 
Figure 3. OMA1 depletion in metastatic breast cancer cells promotes filopodia formation. (A) The top panel 
shows a representative Western blot of extracts from the metastatic pleural effusion mammary tumor 21MT-1 
cells and MCF10A cells before and after transfection with either scrambled shRNA (control) or shRNA directed 
against OMA1 (OM.21 and OM.10 A). Steady-state levels of the protease were detected by immunoblotting with 
anti-OMA1. The GAPDH blots served as a loading control. (B) Live phase contrast images of 21MT-1 cells and 
MCF10A cells before and after transfection with scrambled shRNA (control) or shRNA directed against OMA1 
(OM.21 and OM.10A) at 24 h and 48 h after seeding in normal culture conditions. Unlike the control cells, 
OM.21 cells exhibit characteristic filopodia-like structures (black arrows). The arrows indicate filopodia. Scale 
bar, 20 μm. (C) The prevalence of cells with protrusions was analyzed in 21MT-1 cells and OM.21 cells two days 
after re-seeding on 6-well plates after one week of growth at 100% confluence. Each well was randomly imaged 
in 3–4 fields of view, each containing 40–75 cells. In the randomly chosen fields of view, the number of cells 
with long filopodia and cells without these structures were counted. The data was plotted as a scatter plot where 
each point represents percentage of cells with long filopodia of total cells in one field of view. (D) Proliferation 
of 21MT-1 WT and OM.21 cells seeded after overgrowth of 7 days at 100% confluence. Data represent the 
mean ± S.D. of n = 3 biological replicates; *p < 0.05, ***p < 0.001. (E) Proliferation of MCF10A WT and 
OMA.10 A cells seeded after overgrowth of 7 days at 100% confluence. Data represent the mean ± S.D. of n = 3 
biological replicates.
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that these cells are in a hyperproliferative state relative to normal 21MT-1 cells (Fig. 5A). Interestingly, OM.10 A 
cells did not have any significant effect in the Ki67 expression as compared to control cells, indicating that this 
phenomenon is specific to neoplasms.
To further interrogate the intriguing link between OMA1 silencing and the observed enhancement of cellular 
migration, we examined the migratory potential of the metastatic breast cancer cells with normal and reduced 
levels of the protease. To this end, a scratch was made in a sub-confluent cell monolayer in control and OM.21 
cells and cells were allowed to migrate into the cell-free area. Loss of OMA1 resulted in significantly higher migra-
tion in 21MT-1 cells at both 24 and 48 hours compared to controls (Fig. 5B,C). In contrast, OMA1 depletion had 
no effect on the migratory properties of non-cancerous MCF10A cells (Fig. 5D). Similar to the results observed 
in 21MT-1 cells, abrogation of OMA1 resulted in significantly higher migration in 21PT cells at both 24 and 
48 hours compared to controls (Supplementary Fig. S3E,F). These data suggest that loss of OMA1 function in 
pre-metastatic breast adenocarcinoma cells could potentially facilitate the metastatic behavior of the tumor likely 
via promoting the migration of breast cancer cells.
OMA1 deficiency augments invasiveness of breast cancer cells by inducing epithelial to mesen-
chymal transition. We next investigated whether depletion of OMA1 promotes EMT in tumor cells. EMT 
Figure 4. Loss of OMA1 alters mitochondrial network organization and actin branching in 21MT-1 cells. 
(A) Visualization of mitochondria in 21MT-1 and OM.21 cells. Image of MitoTrackerR Red CMXRos-stained 
mitochondria in each respective cell type were captured using confocal fluorescent microscopy, Scale bar, 5 μm. 
(B) Confocal fluorescent images of immunostained actin fibers in paraformaldehyde-fixed control and OM.21 
cells show actin branching in the OMA1-depleted breast cancer cells, Scale bar, 5 μm.
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is a transient process during which epithelial cancer cells acquire molecular alterations that facilitate the loss of 
epithelial features and gain a mesenchymal phenotype. This process is implicated during developmental stages and 
carcinogenesis and is characterized by phenotypic and molecular changes leading to increased invasive and met-
astatic capabilities of cancer cells and drug resistance. When compared to control, OM.21 cells had a significantly 
lower gene expression of epithelial markers, cytokeratin 19 (CK19) (1.5-fold) and MUC1 (2-fold), indicating a loss 
in epithelial features of the cell (Fig. 6A). Reciprocally, OM.21 cells displayed substantially higher expression levels 
of key mesenchymal markers: ZEB1 (3-fold), TWIST1 (3.5-fold), and fibronectin (FN) (4-fold) (Fig. 6A). We fur-
ther examined the protein levels of some of the EMT markers by immunoblotting (Fig. 6B,C). A similar trend was 
observed with a significant decrease in epithelial markers (E-cadherin, EpCAM) and an increase in mesenchymal 
markers (Vimentin, FN, and TWIST1) in the OM.21 cells (Fig. 6B,C). We also observed similar trends in 21PT cells 
where the loss of OMA1 resulted in significantly lower gene expression of epithelial markers, E-cadherin (4-fold) 
and MUC1 (1.5-fold), indicating a loss in epithelial features of the cell (Supplementary Fig. S3G). Reciprocally, 
OP.21 cells displayed substantially higher expression levels of key mesenchymal markers: Vimentin (3-fold), 
SNAIL1 (3.5-fold), and fibronectin (FN) (2-fold) (Supplementary Fig. S3G). Overall, these results suggest a plausi-
ble role of OMA1 in suppressing aggressiveness and metastatic potential of these breast cancer cells.
Loss of OMA1 induces expression of canonical UPRmt genes in breast cancer cells. To gain 
insight into the potential mechanisms underpinning enhanced proliferative capacities of metastatic OM.21 cells, 
we tested several potential scenarios. We ruled out the involvement of reactive oxygen species (ROS) and hypoxic 
signaling as OM.21 cells exhibited neither elevated ROS production, nor appreciable stabilization of HIF1α, rela-
tive to control cell lines (data not shown). Similarly, no significant changes in the nuclear to mitochondrial DNA 
ratio were observed in these cells – likely reflective of no alterations in mitochondrial proliferation and content.
Metabolic adaptation to promote survival or proliferation of cells with mitochondrial dysfunction could be 
related to the mitochondrial unfolded protein response (UPRmt) [41]. We, therefore, tested if the loss of OMA1 results 
in UPRmt activation. Quantitative real-time PCR and immunoblot analyses revealed that the transcript (Fig. 7A) 
and protein (Fig. 7B) levels of several canonical UPRmt markers were significantly increased in OMA1-depleted 
Figure 5. OMA1 enhances proliferation and migration of 21MT-1 metastatic breast adenocarcinoma cells.  
(A) Fluorescent images show Ki67 staining in MCF10A, OM.10A, 21MT-1, and OM.21 cells. Scale bar, 200 μm. 
Histogram shows increase in Ki67 expression in OM.21 cells compared to control cells after 2 days in culture. 
There is no significant difference in Ki67 expression in OM.10A and control MCF10A cells. At least three 
independent experiments were conducted for each analysis. (B) Data illustrating the migration of cells out from 
a confluent monolayer onto a featureless scratch or wound. Representative phase images of 21MT-1and OM.21 
cells at 24 h and 48 h are shown. Scale bar, 20 μm. (C) Quantitative analysis of migratory properties of 21MT-1 
and OM.21 cells. The extent of wound closure has been calculated as follows: % Wound Closure = [(Area at 
0 h – Area at 24 or 48 h)/Area at 0 h] x 100%. Bars show mean data ± S.D. of 3 biological replicates; **p < 0.01, 
***p < 0.001 by unpaired t-test. (D) Migratory properties of MCF10A and OM.10A cells were analyzed as in 
Fig. 4C.
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21MT-1 cells, respectively. The enhanced UPRmt is consistent with a substantial decrease in the basal mitochondrial 
membrane potential in OM.21 cells (Fig. 7C), which is likely associated with attenuation of mitochondrial protein 
import and enhanced stabilization of UPRmt-mediating transcription factors such as ATF5 [42]. Akin to OM.21, we 
observed decrease in mitochondrial membrane potential in oma1−/− MEFs as well (Supplementary Fig. S6). These 
data suggest that loss of OMA1 leads to UPRmt activation and that sustained up-regulation of this signaling pathway 
is a likely contributor to the enhanced invasiveness of metastatic breast cancer cells.
Discussion
In the present study, we have identified a novel role of the mitochondrial metallopeptidase OMA1 in the regu-
lation of tumor progression in breast cancer cells. Our results show that depletion of OMA1 enhances the for-
mation of filopodia, increased Ki67 expression, and induction of EMT markers. Concurrently, loss of OMA1 is 
associated with alterations in mitochondrial protein homeostasis, as reflected by enhanced expression of canonic 
mitochondrial unfolded protein response genes. These changes significantly increase migratory properties in 
metastatic breast cancer cells, indicating that OMA1 plays a critical mechanistic role in suppressing metastatic 
competence of breast tumors.
Figure 6. OMA1 deficiency enhances invasiveness of breast cancer cells by inducing epithelial to mesenchymal 
transition (EMT). (A) qRT-PCR analysis of the expression of EMT marker genes in 21MT-1 and OM.21 
cells after 2 days in culture. The expression levels were normalized to GAPDH and to control cells. Data is 
presented as mean ± S.D. from 3 biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001 by Student’s t-test. 
(B) Immunoblots showing protein expression of indicated EMT markers in 21MT-1 and OM.21 cells. (C) 
Densitometry analysis of the respective bands normalized after loading control (GAPDH) correction. Control 
cells grown served as control. Data are mean ± S.D.; n = 3 independent experiments; *p < 0.05; **p < 0.01; 
***p < 0.001 by Student’s t-test.
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OMA1 is a conserved, stress-activated protease that resides in the IM and has been implicated in a number of 
mitochondrial processes - most notably stress-triggered regulation of mitochondrial dynamics19,31. Recent reports 
link OMA1 activity to the regulation of bioenergetic and metabolic outputs28,30,33, and demonstrated that loss of 
OMA1 in mouse embryonic fibroblasts leads to enhanced compensatory glycolysis33. In line with these observa-
tions, OMA1-depleted 21MT-1 cells exhibit hallmarks of metabolic remodeling, as indicated by greatly increased 
sensitivity of these cells to the glutaminase inhibitor, BPTES. Metabolic remodeling and formation of filopodia 
are hallmarks of many invasive epithelial tumors14,38,42. Our subsequent analysis of the OMA1 stable knockdown 
21MT-1 primary metastatic breast ductal carcinoma and 21 PT atypical ductal hyperplasia cells recapitulated 
these observations, indicating a functional link between OMA1 and mechanisms that prevent EMT transition, 
and related metastatic properties.
Our results implicate OMA1 as a potential modulating factor in actin cytoskeleton reorganization and 
increased the formation of filopodia, which underscores the link between OMA1 function and suppression of 
metastasis. Intriguingly, this effect is specific to metastatic 21MT-1 cells, but not the non-cancerous MCF10A 
cells. The mitochondrial metallopeptidase OMA1 recently gained increased attention for its roles in the regula-
tion of mitochondrial dynamics and metabolic remodeling19. This ATP-independent protease exists as an inner 
membrane (IM)-anchored, homo-oligomeric complex that is largely dormant under normal physiological condi-
tions. A range of mitochondrial homeostatic insults triggers OMA1 activation, which results in rapid proteolytic 
processing of the IM GTPase, OPA1; which in turn propels fragmentation of the mitochondrial network, thereby 
allowing mitochondria to adapt to changing physiological demands. A growing body of evidence indicates a 
reciprocal link between mitochondrial morphology and cellular metabolic activity19.
Augmented cell motility is a fundamental aspect of increased metastasis in cancer43,44. Coordination between 
the actin cytoskeleton and microtubules are crucial for cell polarization, shape changes, and migration43,44. The 
actin cytoskeleton is believed to be the key driving force behind cell migration. At the leading edge of the cell, 
actin is organized in a dense meshwork, which regulates filopodia formation and promotes forward movement. 
In most cell types, migration is altered by interactions between the microtubule and actin cytoskeleton and it has 
been shown that filopodia formation at the leading edge of migrating cells is crucial for chemoattractant-induced 
breast cancer cell migration and invasion39,42. Our results suggest that OMA1 may be an important limiting factor 
in early molecular events that regulate breast cancer cell migration and invasion; effects likely linked to the ina-
bility of OMA1-deficient cells to initiate remodeling of the mitochondrial network due to impaired proteolysis of 
OPA145,46. In line with this idea, several studies reported links between the mitochondrial dynamics-controlling 
GTPases and cellular signaling cascades of Ras47 and Notch48. Future studies are warranted to elucidate this 
intriguing link.
We found that under our experimental conditions, OMA1 knockdown significantly augmented prolifera-
tion of the 21MT-1 cells, as judged by elevated Ki67 expression – a change not observed in non-tumorigenic 
OMA1-depleted MCF10A cells. These data indicate the inverse correlation between OMA1 protein levels and 
cell proliferation, and increased invasive behavior of breast cancer cells, suggesting that OMA1 may potentially 
suppress the transition of cancer cells to metastates. It is noteworthy that our findings are in line with a recently 
reported p53-dependent upregulation of OMA1 expression levels in gynecological cancers – a condition that 
Figure 7. Loss of OMA1 in 21MT-1 cells regulates mitochondrial unfolded protein response. (A) qRT-PCR 
analysis showing increased expression of canonical UPRmt genes AFG3L2, CLPP, and HSPD1 in 21MT-1 and 
OM.21 cells. n = 3 independent experiments. Error bars show mean values ± S.E.M.; **p < 0.01, by Student’s 
t-test. (B) Representative immunoblots of extracts from 21MT-1 and OM.21 cells. Steady-state levels of the 
AFG3L2 were detected with the respective antibodies. The GAPDH served as a loading control. The bottom 
graphs show quantitative assessment of the immunoblots. Error bars, mean ± S.E.M.; n.s., **p < 0.01, by 
Student’s t-test. (C) Representative flow cytometry histograms of 21MT-1 and OM.21 cells incubated with 
50 nM TMRM under basal and CCCP-induced uncoupling conditions. 50,000 cells were assayed for TMRM 
fluorescence in each experiment.
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augments cisplatin-induced death of these cells27. An important finding of the present study is the impact of 
OMA1 on EMT in breast cancers. Loss of OMA1 expression significantly promoted the EMT of breast cancers 
with a decrease in the epithelial markers and an increase in the mesenchyme markers (Fig. 1). Importantly, EMT 
markers are strongly correlated to the progression of various tumors including breast to metastasis stage49,50. An 
increase in the expression of TWIST1, ZEB1, and E-cadherin has been correlated with nearly every clinically 
significant tumor type and has been shown to augment metastases34,36,50,51. One key point is that our observations 
in the breast cancer cells may seem discordant from the MEF experiments. This is probably because MEF cells 
are lacking the Tuberous Sclerosis Complex 2 (TSC2) gene, which alters PI3K-Akt signaling input to mTORC1, 
thereby making it constitutively active52,53. Such hyperactive growth factor signaling may blunt related signaling 
outputs and render MEF cells less sensitive to the effects of OMA1 depletion. Our results with highly confluent 
MEF cell cultures in which mTORC1 signaling is attenuated are consistent with this idea54.
Depletion of OMA1 has been shown to be at least temporarily beneficial in post-mitotic cells such as neurons 
or cardiomyocytes with initially compromised mitochondrial function20,55. However, our results suggest that the 
loss of OMA1, and thus the ability to remodel mitochondrial shape and metabolic outputs, can be maladaptive in 
rapidly dividing cells and promote neoplastic or enhance the metastatic potential of epithelial tumors. One candi-
date mechanism behind this effect is an elevated mitochondrial unfolded protein response. UPRmt has been shown 
to promote glycolysis and maintain “stemness” of hematopoetic stem cells via the histone deacetylase, SIRT7, and 
the transcriptional activator, NRF156. Elevated UPRmt may therefore reflect an attempt to metabolically compen-
sate for an inability to remodel mitochondrial morphology due to OMA1 depletion. Based on our previous33 and 
present data from experiments with oma1−/− MEFs, it is plausible that the observed UPRmt-promoted metabolic 
effects are among the major contributors to EMT and subsequent enhancement of metastatic properties in OM.21 
cells. Consistent with this postulate, recent studies have reported that stem cells57,58 as well as many epithelial tum-
ors, including breast cancer7,10,59 display a glycolytic and/or glutaminolytic preference. These metabolic outputs 
are also linked to other key biosynthetic pathways such as one-carbon metabolism, whose modulation may also 
alter proliferative properties of a cell60. Additionally the idea of OMA1 levels as one of the significant predictors 
to clinical progression of breast cancer is supported by the in silico analysis of TCGA breast cancer tumors (cBi-
oPortal database) that revealed an unfavorable risk factor for survival of patients with breast cancer in low-OMA1 
mRNA expressing subgroup, in contrast to the high OMA1-expressing subgroup with better survival (Fig. 1).
In conclusion, we report that down regulation of OMA1 expression in metastatic breast cancer cells and the 
subsequent activation of UPRmt could form the basis for promoting malignancy and metastatic progression of 
breast adenocarcinoma. These alterations are likely associated with metabolic remodeling towards enhanced 
aerobic glycolysis and glutaminolysis and are expected to correlate with poor prognosis. We anticipate that the 
reduced OMA1 expression-associated consequences need not be restricted to breast tumors and may possibly be 
recapitulated in other cancer settings as well. Testing OMA1 protein levels in cancer patients may therefore serve 
as a robust predictive marker for treatment responses and prognosis in development of personalized treatment 
strategies. Elucidation of the exact role of OMA1 in regulating tumor biology and steps of EMT will help in the 
development of improved anti-metastatic therapies that are useful against circulating metastatic breast cancer 
cells and drug resistant cancer cells.
Materials and Methods
Generation of stable OMA1 knockdown cell lines. 21MT-1 and 21PT cell lines were a kind gift from 
Dr. Vimla Band at the University of Nebraska Medical Center. This cell line was isolated from metastatic pleu-
ral effusion mammary tumor and atypical ductal hyperplasia specimens respectively61. The 21MT-1 and 21PT 
cells were cultured in α-MEM media supplemented with 5% fetal bovine serum (FBS), 1% penicillin-strepto-
mycin (PS), 1% L-glutamine, 20 mM HEPES, non-essential amino acids, sodium pyruvate (all stated reagents 
were from Thermo Fischer Scientific), 12.5 ng/ml epidermal growth factor (EGF) and 1 µg/ml hydrocortisone 
(both from Sigma-Aldrich). MCF10A (ATCC CRL-10317), human non-cancerous breast tissue cells were cul-
tured in DMEM/F12 (Mediatech) and supplemented with 1% L-glutamine, 1% penicillin-streptomycin, 5% 
horse serum, 0.1 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone, 10 µg/ml insulin, and 0.02 ng/µl rhEGF (all from 
Sigma-Aldrich). All cells were kept in aseptic conditions and grown in an incubator at 37 °C and 5% CO2. Cells 
of interest were transfected with a set of OMA1 shRNA-expressing plasmids (Origene) using Lipofectamine 3000 
reagent (Thermo Fisher Scientific). The cells were allowed to recover for 24 hours in fully supplemented DMEM/
F12 medium (10% FBS, 4mM L-glutamine, 4 mM glucose) without antibiotics. The medium was then replaced 
with fully supplemented DMEM/F12 containing 3 μg/ml puromycin. Cells were selected in this medium until 
a week after all the cells in the control wells (mock-transfected) were dead. Medium was replaced every 3 days. 
Colonies of puromycin-resistant cells were then seeded in 25 cm2 cell culture flasks, and tested for decrease of 
OMA1 expression by immunoblotting.
Cell viability assays. The wild type and oma1−/− mouse embryonic fibroblasts (24, kind gift from Dr. Carlos 
Lopez-Otin, University of Oviedo) were seeded into 12-well plates at the density of 4 × 104 cells per well. DMEM 
medium contained 10% FCS (Thermo Fisher Scientific) and L-glutamine (4 mM), as well as glucose (10 mM), 
galactose (10 mM), with or without 10 µM bis-2-(5- phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), 
depending on experimental condition. Every 24 hours cells from one well per condition were trypsinized with 
0.05% trypsin (Life Technologies), washed with Ca-, Mg- PBS, resuspended and counted in Countess Automated 
Cell Counter (Life Technologies). The experiment was done in 4 biological replicates, with each replicate consist-
ing of two technical replicates. Glucose, galactose, and BPTES were obtained from Sigma-Aldrich.
imaging techniques. Phase images. Phase images were obtained for morphology of live cells assessment 
using an Axiovert 40 CFL (Zeiss) and Progres C3 (Jenoptik) camera.
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Fluorescent imaging and actin staining. At the end of the treatment, cells were fixed with 4% paraformaldehyde 
in PBS at room temperature for 20 min. Samples were permeabilized in 2% Triton X-100 for 15 min at room 
temperature. Actin 488 Ready Probe (Life Technologies) was applied according to manufacturer instructions and 
incubated on fixed cells at room temperature for 30 min. Nuclei were visualized with DAPI stain for 5 min, or 
with Hoechst 33342 (Life Technologies) stain for 10 min, incubation at room temperature in the dark in a 1 µg/ml 
solution. Images were obtained using Axiovert 40 CFL (Zeiss) and a Progres C3 (Jenoptik) camera with an X-Cite 
series 120Q (Lumen Dynamics) lamp utilizing FITC or DAPI filter (Chroma).
Membrane potential measurement. Cells were seeded overnight in 6-well plates at 500,000 cells per well. Prior 
to the experiment, cells were either treated with vehicle (DMSO) or CCCP (final concentration 2uM) for 1 hr. 
Following the treatments, cells were trypsinized with 0.05% trypsin, washed 3x with PBS and resuspended in 
1 ml PBS for staining. Cells were stained on ice in 50 nM TMRM (Sigma) for 15 min, and subsequently assayed on 
Cytek DxP10 flow cytometer (Cytek Biosciences). TMRM fluorescence was measured using 561 nm excitation, 
and 580/20 nm emission; 50,000 cells were assayed in each experiment. Results were analyzed and plotted using 
FlowJo 10 software (FlowJo).
Mitochondrial imaging. Mitochondrial morphology was assessed using MitoTrackerR Red CMXRos (Life 
Technologies) staining according to manufacturer’s instructions. Briefly, 24 hr following the seeding of cells, 
the old culture media was removed and replaced with serum-free, phenol red-free DMEM containing 300 nM 
MitoTrackerR probe and incubated at 37 °C for 30 min. Cells were then washed three times with warm 1X PBS 
and serum free, phenol-red free DMEM was added for viewing with an Olympus FV500 Inverted Confocal 
Microscope.
Quantitative real-time PCR. qRT-PCR was performed using standard qRT-PCR program on ABI 7900HT 
qRT-PCR cycler (Applied Biosystems), with validated qRT-PCR primers (Realtimeprimers.com). Expression 
data for AFG3L2, CLPP, SPG7 and HSPD1 were normalized using qRT-PCR for Actin B. SYBR-Green qPCR mix 
was obtained from Life Technologies. The experiment was done in 3 biological replicates, each consisting of 4 
technical replicates.
Western blotting. Whole cell lysates from cell cultures was prepared using RIPA buffer (1X PBS containing 1% 
IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl 
fluoride (PMSF) and protease inhibitor cocktail). Cells were washed three times with ice cold 1X PBS, lysed in 
RIPA buffer on ice for 10 min. Samples were then centrifuged at 10,000 × g for 20 min at 4 °C, supernatant was 
transferred to 0.2 μM microcentrifuge filters (ThermoFisher Scientific), and centrifuged at 10,000 × g for 10 min 
at 4 °C to collect clear cell lysate. Protein concentrations were determined using Coomassie Plus Assay reagent 
(Pierce). 10 μg of total protein was separated by 7.5% SDS-polyacrylamide gel electrophoresis and transferred 
to Immobilon P membranes (Millipore) using transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol). 
Membranes were blocked with 5% skimmed milk for 2 h at room temperature (RT) followed by incubations 
with either anti-EMT markers IgG panel (GeneTex GTX300096, 1:1000), or anti-OMA1 IgG (Aviva Systems 
Biology ARP52818_P050, 1:1000), or anti-AFG3L2 IgG (Aviva Systems Biology ARP46780_P050, 1:1000), or 
anti-HSPD1 (Aviva Systems Biology AVARP09014_P050, 1:1000), or anti-HIF1α IgG (Aviva Systems Biology 
ARP38054_P050, 1:1000) or anti-GAPDH IgG (Millipore ABS16, 1:4000) for overnight at 4 °C. Membranes were 
then incubated with HRP-linked goat anti-rabbit IgG (Santa Cruz Biotechnology sc2054, 1:4000) for 1 h at RT. 
The antigen-antibody complex was detected using ECL and the images were captured on autoradiography films 
(ECL Hyperfilm, Pierce). The immunoreactive signals were quantified by densitometry using Image Studio™ Lite 
Software v.4.0 (LI-COR Biosciences).
In vitro migration assay. 21MT-1, 21PT, or MCF10A cells (control and shOMA1) were plated into 12 well plates 
as confluent monolayers. Three vertical scratches were made per well (using a 10 µl pipette tip), and cell debris 
was washed away with 1X PBS prior to capturing the zero time photos. Additional photos were taken at 24 and 
48 hours time points. The cells were supplemented with complete 21MT-1 media for the entire migration assay. 
ImageJ software was used to quantify the scratch width (arbitrary units) changes at each time point. A total of 27 
scratch width data points were taken for each sample type at each time point (3 scratches per well x3 pictures per 
scratch x3 biological duplicates per sample type).
Bioenergetic profiling. Metabolic quantification of cells was measured using a Seahorse XFe24 Extracellular Flux 
Analyzer (Seahorse Bioscience) in XFe24 microplates. Cells were seeded at the density of 5 × 104 cells per well 
24 hours before the experiment in Seahorse medium (Agilent Technologies/Seahorse Bioscience) supplemented 
with L-glutamine (4 mM), as well as glucose (10 mM), galactose (10 mM), BPTES (10 µM) and pyruvate (2 mM), 
depending on experimental condition. After 24 hours, the cells were washed twice and supplemented with 0.5 ml 
fresh Seahorse medium containing L-glutamine (4 mM), glucose (10 mM), galactose (10 mM), BPTES (10 µM), 
and pyruvate (2 mM), depending on experimental condition, and kept for 1 hour in non-CO2 incubator at 37 °C. 
The OCR was measured under basal conditions and addition of olygomycin (1 µM), FCCP (1 µM), and rotenone/
antimycin A (0.5 µM). Measurements were performed using standard Mito Stress protocol on XFe24 Extracellular 
Flow Analyzer (Agilent Technologies). Oligomycin, FCCP, and rotenone/antimycin A were obtained as a part 
of Mito Stress Kit (Agilent Technologies/Seahorse Bioscience). Glucose, galactose, BPTES, L-glutamine, and 
pyruvate were obtained from Sigma-Aldrich. Extracellular acidification rates (ECAR) were measured using the 
Seahorse XF Cell Glyco Stress Test using successive injections of glucose (10 mM), oligomycin (1 µM), and 2-DG 
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(50 mM). Three measurements were taken before and after each injection and mixing cycle. Rates were normal-
ized to non-glycolytic acidification rate by well. The experiment was done in 4 biological replicates, with each 
replicate consisting of 3–4 technical repeats per condition.
Bioinformatics and statistical analyses. Expression of OMA1 mRNA, evaluated from RNA-Seq data, available 
for breast cancer tumors, was downloaded from TCGA provisional dataset and UCSC Xena websites. OMA1 
mRNA expressed as OMA1 mRNA expression, Batch Normalized/Merged from Illumina HiSeq_RNA SeqV2 
syn4976739, generated by TCGA, was plotted using the Box and Whisker plot62. The Box and Whisker plot 
depicts normal distribution of OMA1 mRNA and determines the median and quartiles in a statistical population.
Utilizing the TCGA data, Kaplan-Meier survival curves were generated by dividing tumors into 
non-overlapping upper and lower groups based on OMA1 mRNA values up to 25th percentile as low and above 
25th as high31,32. Log-rank (Mantel-Cox) statistical test was used to compare the survival distribution of these two 
samples.
Statistical analyses were performed using Microsoft Excel 2013 Analysis ToolPak and GraphPad Prism 4 soft-
ware. In each case, the results of at least three independent experiments were analyzed using one-way ANOVA or 
Student’s t-test. The p values <0.05 were considered statistically significant.
one-sentence summary. Breast cancer patients with low mitochondrial protease OMA1 expression have a 
shorter survival time; depletion of OMA1 enhances formation of filopodia, increases cell proliferation, and induces 
epithelial-mesenchymal transition, thereby stimulating migratory properties of metastatic breast cancer cells.
References
 1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA: a cancer journal for clinicians 68, 7–30, https://doi.org/10.3322/
caac.21442 (2018).
 2. Hussain, T. et al. Meta-analysis of genetic polymorphisms in xenobiotic metabolizing enzymes and their association with breast 
cancer risk. Journal of genetics 97, 523–537 (2018).
 3. Daverey, A., Brown, K. M. & Kidambi, S. Breast Cancer/Stromal Cells Coculture on Polyelectrolyte Films Emulates Tumor Stages 
and miRNA Profiles of Clinical Samples. Langmuir 31, 9991–10001, https://doi.org/10.1021/acs.langmuir.5b02227 (2015).
 4. Daverey, A., Drain, A. P. & Kidambi, S. Physical Intimacy of Breast Cancer Cells with Mesenchymal Stem Cells Elicits Trastuzumab 
Resistance through Src Activation. Scientific reports 5, 13744, https://doi.org/10.1038/srep13744 (2015).
 5. Daverey, A., Mytty, A. & Kidambi, S. Topography Mediated Regulation of HER-2 Expression in Breast Cancer Cells. NanoLife 2, 
1241009-, https://doi.org/10.1142/S1793984412410097 (2012).
 6. Ward, E. M. et al. Cancer statistics: Breast cancer in situ. CA: a cancer journal for clinicians 65, 481–495, https://doi.org/10.3322/
caac.21321 (2015).
 7. Jia, D., Park, J. H., Jung, K. H., Levine, H. & Kaipparettu, B. A. Elucidating the Metabolic Plasticity of Cancer: Mitochondrial 
Reprogramming and Hybrid Metabolic States. Cells 7, https://doi.org/10.3390/cells7030021 (2018).
 8. Altieri, D. C. Mitochondria on the move: emerging paradigms of organelle trafficking in tumour plasticity and metastasis. Br J 
Cancer 117, 301–305, https://doi.org/10.1038/bjc.2017.201 (2017).
 9. Guerra, F. et al. Mitochondrial Dysfunction: A Novel Potential Driver of Epithelial-to-Mesenchymal Transition in Cancer. Frontiers 
in oncology 7, 295, https://doi.org/10.3389/fonc.2017.00295 (2017).
 10. Zacksenhaus, E. et al. Mitochondrial OXPHOS Induced by RB1 Deficiency in Breast Cancer: Implications for Anabolic Metabolism, 
Stemness, and Metastasis. Trends in cancer 3, 768–779, https://doi.org/10.1016/j.trecan.2017.09.002 (2017).
 11. Senft, D. & Ronai, Z. A. Regulators of mitochondrial dynamics in cancer. Curr Opin Cell Biol 39, 43–52, https://doi.org/10.1016/j.
ceb.2016.02.001 (2016).
 12. Zong, W. X., Rabinowitz, J. D. & White, E. Mitochondria and Cancer. Mol Cell 61, 667–676, https://doi.org/10.1016/j.
molcel.2016.02.011 (2016).
 13. Martinez-Outschoorn, U., Sotgia, F. & Lisanti, M. P. Tumor microenvironment and metabolic synergy in breast cancers: critical 
importance of mitochondrial fuels and function. Semin Oncol 41, 195–216, https://doi.org/10.1053/j.seminoncol.2014.03.002 (2014).
 14. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg effect: the metabolic requirements of cell 
proliferation. Science (New York, N.Y.) 324, 1029–1033, https://doi.org/10.1126/science.1160809 (2009).
 15. Uhlen, M. et al. Proteomics. Tissue-based map of the human proteome. Science (New York, N.Y.) 347, 1260419, https://doi.org/10.1126/
science.1260419 (2015).
 16. Uhlen, M. Interactive human protein atlas launches. Cancer Discov 5, 339, https://doi.org/10.1158/2159-8290.CD-NB2015-019 
(2015).
 17. Uhlen, M. et al. Towards a knowledge-based Human Protein Atlas. Nat Biotechnol 28, 1248–1250, https://doi.org/10.1038/nbt1210-
1248 (2010).
 18. Friedman, J. R. & Nunnari, J. Mitochondrial form and function. Nature 505, 335–343, https://doi.org/10.1038/nature12985 (2014).
 19. Wai, T. & Langer, T. Mitochondrial Dynamics and Metabolic Regulation. Trends in endocrinology and metabolism: TEM 27, 105–117, 
https://doi.org/10.1016/j.tem.2015.12.001 (2016).
 20. Korwitz, A. et al. Loss of OMA1 delays neurodegeneration by preventing stress-induced OPA1 processing in mitochondria. The 
Journal of cell biology 212, 157–166, https://doi.org/10.1083/jcb.201507022 (2016).
 21. Bohovych, I., Chan, S. S. & Khalimonchuk, O. Mitochondrial protein quality control: the mechanisms guarding mitochondrial 
health. Antioxidants & redox signaling 22, 977–994, https://doi.org/10.1089/ars.2014.6199 (2015).
 22. Goard, C. A. & Schimmer, A. D. Mitochondrial matrix proteases as novel therapeutic targets in malignancy. Oncogene 33, 
2690–2699, https://doi.org/10.1038/onc.2013.228 (2014).
 23. Quiros, P. M. et al. ATP-dependent Lon protease controls tumor bioenergetics by reprogramming mitochondrial activity. Cell reports 
8, 542–556, https://doi.org/10.1016/j.celrep.2014.06.018 (2014).
 24. Seo, J. H. et al. The Mitochondrial Unfoldase-Peptidase Complex ClpXP Controls Bioenergetics Stress and Metastasis. PLoS Biol 14, 
e1002507, https://doi.org/10.1371/journal.pbio.1002507 (2016).
 25. Bernstein, S. H. et al. The mitochondrial ATP-dependent Lon protease: a novel target in lymphoma death mediated by the synthetic 
triterpenoid CDDO and its derivatives. Blood 119, 3321–3329, https://doi.org/10.1182/blood-2011-02-340075 (2012).
 26. Yamauchi, S. et al. p53-mediated activation of the mitochondrial protease HtrA2/Omi prevents cell invasion. The Journal of cell 
biology 204, 1191–1207, https://doi.org/10.1083/jcb.201309107 (2014).
 27. Kong, B., Wang, Q., Fung, E., Xue, K. & Tsang, B. K. p53 is required for cisplatin-induced processing of the mitochondrial fusion 
protein L-Opa1 that is mediated by the mitochondrial metallopeptidase Oma1 in gynecologic cancers. The Journal of biological 
chemistry 289, 27134–27145, https://doi.org/10.1074/jbc.M114.594812 (2014).
1 4Scientific RepoRtS |         (2019) 9:14746  | https://doi.org/10.1038/s41598-019-49327-2
www.nature.com/scientificreportswww.nature.com/scientificreports/
 28. Quiros, P. M. et al. Loss of mitochondrial protease OMA1 alters processing of the GTPase OPA1 and causes obesity and defective 
thermogenesis in mice. The EMBO journal 31, 2117–2133, https://doi.org/10.1038/emboj.2012.70 (2012).
 29. Mishra, P. & Chan, D. C. Metabolic regulation of mitochondrial dynamics. The Journal of cell biology 212, 379–387, https://doi.
org/10.1083/jcb.201511036 (2016).
 30. Mishra, P., Carelli, V., Manfredi, G. & Chan, D. C. Proteolytic cleavage of Opa1 stimulates mitochondrial inner membrane fusion 
and couples fusion to oxidative phosphorylation. Cell metabolism 19, 630–641, https://doi.org/10.1016/j.cmet.2014.03.011 (2014).
 31. MacVicar, T. & Langer, T. OPA1 processing in cell death and disease - the long and short of it. J Cell Sci 129, 2297–2306, https://doi.
org/10.1242/jcs.159186 (2016).
 32. Jiang, X., Jiang, H., Shen, Z. & Wang, X. Activation of mitochondrial protease OMA1 by Bax and Bak promotes cytochrome c release 
during apoptosis. Proc Natl Acad Sci USA 111, 14782–14787, https://doi.org/10.1073/pnas.1417253111 (2014).
 33. Bohovych, I. et al. Metalloprotease OMA1 Fine-tunes Mitochondrial Bioenergetic Function and Respiratory Supercomplex Stability. 
Scientific reports 5, 13989, https://doi.org/10.1038/srep13989 (2015).
 34. Bill, R. & Christofori, G. The relevance of EMT in breast cancer metastasis: Correlation or causality? FEBS letters 589, 1577–1587, 
https://doi.org/10.1016/j.febslet.2015.05.002 (2015).
 35. Demirkan, B. The Roles of Epithelial-to-Mesenchymal Transition (EMT) and Mesenchymal-to-Epithelial Transition (MET) in 
Breast Cancer Bone Metastasis: Potential Targets for Prevention and Treatment. Journal of clinical medicine 2, 264–282, https://doi.
org/10.3390/jcm2040264 (2013).
 36. Nistico, P., Bissell, M. J. & Radisky, D. C. Epithelial-mesenchymal transition: general principles and pathological relevance with 
special emphasis on the role of matrix metalloproteinases. Cold Spring Harb Perspect Biol 4, https://doi.org/10.1101/cshperspect.
a011908 (2012).
 37. Mouneimne, G. et al. Differential remodeling of actin cytoskeleton architecture by profilin isoforms leads to distinct effects on cell 
migration and invasion. Cancer Cell 22, 615–630, https://doi.org/10.1016/j.ccr.2012.09.027 (2012).
 38. Olson, M. F. & Sahai, E. The actin cytoskeleton in cancer cell motility. Clin Exp Metastasis 26, 273–287, https://doi.org/10.1007/
s10585-008-9174-2 (2009).
 39. Petrie, R. J. & Yamada, K. M. Multiple mechanisms of 3D migration: the origins of plasticity. Curr Opin Cell Biol 42, 7–12, https://
doi.org/10.1016/j.ceb.2016.03.025 (2016).
 40. Urruticoechea, A., Smith, I. E. & Dowsett, M. Proliferation marker Ki-67 in early breast cancer. Journal of clinical oncology: official 
journal of the American Society of Clinical Oncology 23, 7212–7220, https://doi.org/10.1200/JCO.2005.07.501 (2005).
 41. Pathmanathan, N. & Balleine, R. L. Ki67 and proliferation in breast cancer. Journal of clinical pathology 66, 512–516, https://doi.
org/10.1136/jclinpath-2012-201085 (2013).
 42. Petrie, R. J. & Yamada, K. M. At the leading edge of three-dimensional cell migration. J Cell Sci 125, 5917–5926, https://doi.
org/10.1242/jcs.093732 (2012).
 43. Izdebska, M., Zielinska, W., Grzanka, D. & Gagat, M. The Role of Actin Dynamics and Actin-Binding Proteins Expression in 
Epithelial-to-Mesenchymal Transition and Its Association with Cancer Progression and Evaluation of Possible Therapeutic Targets. 
BioMed research international 2018, 4578373, https://doi.org/10.1155/2018/4578373 (2018).
 44. Lehtimaki, J., Hakala, M. & Lappalainen, P. Actin Filament Structures in Migrating Cells. Handbook of experimental pharmacology 
235, 123–152, https://doi.org/10.1007/164_2016_28 (2017).
 45. Baker, M. J. et al. Stress-induced OMA1 activation and autocatalytic turnover regulate OPA1-dependent mitochondrial dynamics. 
The EMBO journal 33, 578–593, https://doi.org/10.1002/embj.201386474 (2014).
 46. Anand, R. et al. The i-AAA protease YME1L and OMA1 cleave OPA1 to balance mitochondrial fusion and fission. The Journal of cell 
biology 204, 919–929, https://doi.org/10.1083/jcb.201308006 (2014).
 47. Shah, S., Brock, E. J., Ji, K. & Mattingly, R. R. Ras and Rap1: A tale of two GTPases. Semin Cancer Biol. https://doi.org/10.1016/j.
semcancer.2018.03.005 (2018).
 48. Kasahara, A., Cipolat, S., Chen, Y., Dorn, G. W. 2nd & Scorrano, L. Mitochondrial fusion directs cardiomyocyte differentiation via 
calcineurin and Notch signaling. Science (New York, N.Y.) 342, 734–737, https://doi.org/10.1126/science.1241359 (2013).
 49. Inoue, K. & Fry, E. A. Novel Molecular Markers for Breast Cancer. Biomarkers in cancer 8, 25–42, https://doi.org/10.4137/BIC.
S38394 (2016).
 50. Luo, M., Brooks, M. & Wicha, M. S. Epithelial-mesenchymal plasticity of breast cancer stem cells: implications for metastasis and 
therapeutic resistance. Current pharmaceutical design 21, 1301–1310 (2015).
 51. Chaffer, C. L. & Weinberg, R. A. A Perspective on Cancer Cell Metastasis. Science (Washington, DC, United States) 331, 1559–1564, 
https://doi.org/10.1126/science.1203543 (2011).
 52. Yecies, J. L. et al. Akt stimulates hepatic SREBP1c and lipogenesis through parallel mTORC1-dependent and independent pathways. 
Cell metabolism 14, 21–32, https://doi.org/10.1016/j.cmet.2011.06.002 (2011).
 53. Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C. & Blenis, J. Tuberous sclerosis complex gene products, Tuberin and Hamartin, 
control mTOR signaling by acting as a GTPase-activating protein complex toward Rheb. Current biology: CB 13, 1259–1268 (2003).
 54. Leontieva, O. V., Demidenko, Z. N. & Blagosklonny, M. V. Contact inhibition and high cell density deactivate the mammalian target 
of rapamycin pathway, thus suppressing the senescence program. Proc Natl Acad Sci USA 111, 8832–8837, https://doi.org/10.1073/
pnas.1405723111 (2014).
 55. Wai, T. et al. Imbalanced OPA1 processing and mitochondrial fragmentation cause heart failure in mice. Science (New York, N.Y.) 
350, aad0116, https://doi.org/10.1126/science.aad0116 (2015).
 56. Mohrin, M. et al. Stem cell aging. A mitochondrial UPR-mediated metabolic checkpoint regulates hematopoietic stem cell aging. 
Science (New York, N.Y.) 347, 1374–1377, https://doi.org/10.1126/science.aaa2361 (2015).
 57. Ito, K. & Suda, T. Metabolic requirements for the maintenance of self-renewing stem cells. Nature reviews. Molecular cell biology 15, 
243–256, https://doi.org/10.1038/nrm3772 (2014).
 58. Folmes, C. D., Nelson, T. J., Dzeja, P. P. & Terzic, A. Energy metabolism plasticity enables stemness programs. Ann N Y Acad Sci 
1254, 82–89, https://doi.org/10.1111/j.1749-6632.2012.06487.x (2012).
 59. Schell, J. C. et al. A role for the mitochondrial pyruvate carrier as a repressor of the Warburg effect and colon cancer cell growth. Mol 
Cell 56, 400–413, https://doi.org/10.1016/j.molcel.2014.09.026 (2014).
 60. Shyh-Chang, N. et al. Influence of threonine metabolism on S-adenosylmethionine and histone methylation. Science (New York, 
N.Y.) 339, 222–226, https://doi.org/10.1126/science.1226603 (2013).
 61. Band, V. et al. Tumor progression in four mammary epithelial cell lines derived from the same patient. Cancer Res. 50, 7351–7357 
(1990).
 62. Bullard, J. H., Purdom, E., Hansen, K. D. & Dudoit, S. Evaluation of statistical methods for normalization and differential expression 
in mRNA-Seq experiments. Bmc Bioinformatics 11, 94, https://doi.org/10.1186/1471-2105-11-94 (2010).
Acknowledgements
We thank members of the Kidambi and Khalimonchuk laboratories for helpful discussions. We are grateful to Drs. 
Band and Lopez-Otin for reagents. This work was supported, in whole or in part, by NIH grants 1R01AA027189-
01A1 (to S.K.), P20 GM104320 (to the Nebraska Center for the Prevention of Obesity Diseases Pilot Grant to 
S.K.), P20 GM113126 (to the Nebraska Center for Integrated Biomolecular Communication-Project Leader S.K.) 
1 5Scientific RepoRtS |         (2019) 9:14746  | https://doi.org/10.1038/s41598-019-49327-2
www.nature.com/scientificreportswww.nature.com/scientificreports/
and R01 GM108975 (to O.K.); UNL Office of Research and Development Biomedical Seed Grant and Nebraska 
Research Initiative-Systems Grant (to S.K.). M.N. is funded through The CH Foundation grant. K.M.S. was 
funded through T32GM107001.
Author contributions
Experiments were performed by A.D., R.M.L., S.S., S.L.H., K.M.S., M.V. and M.N. Results were discussed and 
interpreted by S.K., O.K., A.D. and R.M.L. Manuscript was written by S.K., M.N. and O.K. and reviewed and 
approved by all authors. Study was supervised by S.K. and O.K.
Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49327-2.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
